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(57) Abstract: The present invention provides methods and apparatus \'or the application of a particle array in bioassay format to 
^ [icrform qualitative and/or quantitative molecular interaction analysis between two classes of molecules (an analyte and a binding 

agent). The methods and apparatus disclo.sed herein permit the determination of the presence or absence of association, the strength 
^ of asS4)cialion, arid/or the rale of assi>cialion and dissociation governing the binding interactions between the binding agents aiid 
^ the analyte molecules. The present invention is especially useful for performing multiplexed (parallel ) assays lor qualitative and/or 
^ quantitative analysis of binding interactions of a number of analyte molecules in a sample. 
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10 MULTIANALYTE MOLECULAR ANALYSIS 

FTRT.D OF THE INVENTION 

The present invention relates to mutiplexed bioassays for analyzing binding 
15 interactions between analytes and binding agents, including methods for deteraiining the 
affinity constants and kinetic properties associated with analyte-binding agent interactions. 

BACKGROUND OF THE INVENTION 

20 The imprinting of multiple binding agents such as antibodies and oligonucleotides 

on planar substrates in the form of spots or stripes facilitates the simultaneous monitoring 
of multiple analytes such as antigens and DNA in parallel ("multiplexed") bmding assays. 
The miniaturization of this array format for increasing assay thi-oughput and studying 
binding kinetics are described, for example, in R. Ekins, F. W. Chu, Clin. Chem. 37, 955- 

25 967 (1991); E. M. Southem, U. Maskos, J. K. Elder, Genomics 13, 1008-1017 (1992). In 
recent years, this approach has attracted substantial interest particulariy in connection with 
performing extensive genetic analysis, as illustrated in G. Ramsay, Nat. Biotechnol. 16, 4( 
44 (1998); P. Brown, D. Botstein, Nat. Genet. 21, 33-37 (1999); D. Duggan, M. Bittner, 
Y. Chen, P. Meltzer, J. M. Trent, Nat. Genet. 21, 10-14 (1999); R. Lipshutz, S. P. A. 

30 Fodor, T. R. Gingeras, D. J. Lockhart,//a/. Genet. 21, 20-24 (1999). 
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The present invention provides methods and apparatus for the application of a 
particle array in bioassay format to perform qualitative and/or quantitative molecular 
interaction analysis betvveen tvvo classes of molecules (an analyte ai.d a binding agent). The 
methods and apparatus disclosed herein permit the determination of the presence or 
absence of association, the strength of association, and/or the rate of association and 
dissociation governing the binding interactions between the binding agents and the analyte 
molecules. The present invention is especially useful for performing multiplexed (parallel) 
assays for qualitative and/or quantitative analysis of binding interactions. 



10 



The temas "analyte" and "binding agent" refer to molecules involved in binding 
interactions. In one example, analyte and binding agent include DNA or RNA fragments 
(e o oligonucleotide), and binding of those fragments to their complementary sequences 
(hybridization) is analyzed. In another example, binding interactions between ligands and 
15 receptors are analyzed. Examples of analytes and binding agents also include aptamers. 
peptides and proteins (e.g.. antibodies), antigens, and small organic molecules. 

Tlie term "particles" refer to colloidal particles, including beaded polymer resins 
("beads"). 

20 

The present invention also provides automated, on-demand fabrication of planar 
arrays composed of a selected mixture of chemically distinct beads (e.g., encoded beads) 
which are disposed on a subsfrate surface in accordance with a selected spatial 
configuration, as described above. In this approach, the beads are functionized to display 
25 binding agents. For example, the binding agents may be attached to the beads, preferably 
by covalent bond. The subsequent quality control and performance evaluation are 
conducted off-line and are independent from the process of array assembly. The separation 
of steps such as bead encoding, fonctionalization and testing; substrate design, processmg 
and evaluation; custom assembly of application-specific anrays; and on-line decoding of 
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Fig. 8 is ail illustration of steps in the decomposition of assay images 
according to bead type by application of the image analysis algoritlira summarized in Fig. 7. 

Fig. 9 is an illustration of optically prograrrmiable array assembly of random 

encoded arrays 

5 Fig. 1 0 is an illustration of an an-ay composed of random encoded subarrays 

Fig. 1 1 is an illustration of stations in an automated cliip-scale bead array 

manufacturing and QC process 

Fig. 12 is an illustration of quantitative binding curves for two cytokines 

Fig. 13 is an illustration of array design for polymorphism analysis 
10 Fig. 14 is a fluorescence micrograph of assay and decoding images recorded 

from one subarray shown in Fig. 13 in the course of polymorphism analysis 

Fig. 15 is an illusti^tion of assay results in the form of intensity histograms 
obtained from the analysis of assay images such as the one illustrated in Fig. 14. 

Fig. 16 is an illustration of design of a "looped probe" for hybridization 

15 assays 

Fig. 17A and 17B are fluorescence micrographs of assay and decoding 
images recorded in the course of the analysis of multiple cytolcines 

Fig. 18A and 18B are illustrations of numerical simulations of cross- 
correlations in receptor-ligand systems with multiple competing receptor-ligand interactions 
20 Fig. 19 is an illustration of numerical simulations of receptor-ligand 

association and disassociation kinetics 

Fig. 20 is an illusti^tion of integrated sample caphire using magnetic capture 
beads and array-based detection using READ 

Fig. 21 is an illusti-ation of multi-step assays using encoded magnetic beads 
25 to integrate gene-specific capture, on-bead reverse transcription and post-assay array 
assembly 

DF.TATT.F.n DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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samples. The integration of LEAPS with microfluidics produces a self-contained, 
miniaturized, optically programmable platform for parallel protein and DNA analysis. 
LEAPS refers to methods of moving particles suspended in the interface between an 
electrolyte solution and an electrode and is described in U.S. Patent Application Serial No. 
09/171,550 (also PCT International AppUcation No. PCT/US97/08159) entitled Light- 
controlled Electrokinetic Assembly of Particles near Suifaces, winch is incorporated herein 
by reference in its entirety. Also incorporated herein by reference in its entirety is U.S. 
Patent Applications Serial No. 09/397,793 (also PCT International Application 
PCT/USOO/25466). entitled "System and Method for Progranmiable Pattern Genemtion. 
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In certain embodiments of the present invention, chemical encoding may be 
accomplished by staining beads with sets of optically distinguishable tags, such as those 
containing one or more fluorophore dyes spectrally distinguishable by excitation 
wavelength, emission wavelength, excited-state lifetime or emission intensity. The optically 
15 distinguishable tags made be used to stain beads in specified ratios, as disclosed, for 

example, inFulwyler, US 4,717,655 (Jan 5, 1988). Staining may also be accomplished by 
swelling of particles m accordance with methods known to those skilled in the art, 
[Molday, Dreyer, Rembaum & Yen, J. Mol Biol 64, 75-88 (1975); L. Bangs, "Unifomi 
latex Particles, Seragen Diagnostics. 1984]. For example, up to twelve types of beads 
20 were encoded by swelling and bulk staining with two colors, each individually in four 
intensity levels, and mixed in four nominal molar ratios. Combinatorial color codes for 
exterior and interior surfaces is disclosed in International Application No. PCT/US 
98/10719, which is incorporated herein by reference in its entirety. 

25 Beads are functionaUzed by binding agent molecules attached thereto, the molecule 

including DNA (oligonucleotides) or RNA fragments, peptides or proteins, aptamers and 
small organic molecules in accordance processes known in the art, e.g., with one of several 
coupling reactions of the known art (G. T. Hermanson, Bioconjtigate Techniques 
(Academic Press, 1996); L. Ilium, P. D. E. Jones, Methods in Enzymology 112, 67-84 
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beads are introduced into the gap. When an AC voltage is appUed to the gap, the beads 
form a random encoded array on the second electrode (e.g., "chip"). And, also using 
LEAPS, an aiTay of beads may be formed on a light-sensitive electrode ("chip"). 
Preferably, the sandwich configui'ation described above is also used with a planar light 
5 sensitive electrode and another planar electrode. Once again, the two electrodes are 

separated by the a gap and contain an electrolyte solution. The functionalized and encoded 
beads are introduced into the gap. Upon application of an AC voltage in combination with 
a light, the beads form an array on the light-sensitive electrode. 

10 In certain embodiments, the application-specific bead arrays useful in the present 

invention may be produced by picking aliquots of designated encoded beads from individual 
reservoirs in accordance with the specified array composition and "pooled"; aliquots of pooled 
suspension are dispensed onto selected substrate (e.g., chips) in a manner preventing the initial 
fusion of aliquots. Aliquots fomi a multiplicity of planar random subarrays of encoded beads, 

15 each subanay representing beads drawn from a distinct pool and the physical array layout 
uniquely corresponding to the identity of aliquots di awn from pooled bead populations. 

Planar arrays or assemblies of encoded on a substrate which are chemically or 
physically encoded may be used. To this, spatial encoding may also be added to mcrease the 

20 number of assays that may be conducted. Spatial encoding, for example, canbe accomplished 
within a single fluid phase in the course of array assembly by invoking Light-controlled 
Electrokmetic Assembly of Particles near Surfaces (LEAPS) to assemble planar bead arrays 
in any desired configuration in response to alternating electric fields and/or in accordance with 
patterns of light projected onto the substrate. LEAPS creates lateral gradients in the 

25 impedance of the interface between silicon chip and solution to modulate the 
electrohydrodynamic forces that mediate array assembly. Electrical requirements are modest: 
low AC voltages of typically less than 1 OVpp are applied across a fluid gap of typically 1 00 [i.m 
between two planar electrodes. This assembly process is rapid and it is optically 
programmable: arrays containing thousands ofbeads are formed within seconds under electric 

9 
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In certain embodiments, the particle arrays may be immobilized by chemical means, 
e.g, by fontiing a composite gel-particle fihn. In one exemplary method for foraiing such 
gel-composite particle fihns, a suspension of microparticles is provided which also contain 
all ingi-edients for subsequent in-situ gel formation, namely monomer, crosslinker and 

5 initiator. The paiticles are assembled into a planar assembly on a substrate by application of 
LEAPS, e.g., AC voltages of 1-20 Vp.p in a frequency range from lOO's of hertz to several 
kilohertz are applied between the electrodes across the fluid gap. Following array assembly, 
and in the presence of the applied AC voltage, polymerization of the fluid phase is triggered 
by thermally heating the cell ~ 40-45°C using an IR lamp or photometrically using a 

10 mercury lamp source, to effectively entrap the particle array within a gel. Gels may be 
composed of a mixture of acrylamide and bisacrylamide of varying monomer 
concentrations from 20% to 5% (acrylamide : bisacrylamide = 37.5 : 1, molar ratio), or 
any other low viscosity water soluble monomer or monomer mixture may be used as well. 
Chemically immobiUzed functionalized microparticle arrays prepared by this process may 

15 be used for a variety of bioassays, e.g., ligand receptor binding assays. 

In one example, thermal hydrogels are fomied using azodiisobutyramidine 
dihydrochloride as a thermal initiator at a low concentration ensuring that the overall ionic 
strength of the polymerization mixture falls in the range of - 0. ImM to 1 .OmM. The 
20 initiator used for the UV polymerization is Irgacure 2959® (2-Hydroxy-4'-hydroxyethoxy- 
2-methylpropiophenone, Ciba Geigy, Tanytown, NY). The initiator is added to the 
monomer to give a 1 .5 % by weight solution. 

In certain embodiments, the particle arrays may be immobilized by mechanical 
25 means. For example, an array of microwells may be produced by standard semiconductor 
processing methods in the low impedance regions of the silicon substrate. The particle 
arrays may be formed using such structures by, e.g., utilizing LEAPS mediated 
hydrodynamic and ponderomotive forces are utilized to transport and accumulate particles 
on the hole arrays. The A.C. field is then switched off and particles are trapped into 
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Characteristic associated with those beads. Preferably, chemically distinguishable 
characteristics include chemical molecules including flurophore dyes, chromophores and 
other chemical molecules that are used for purposes of detection in binding assays. 

5 The detection of the chemically or physically distinguishable characteristic and the 

detecting of the optical signature changes associated with the binding interactions may be 
perfoimed while the particles are assembled in a planar array on a substrate, e.g.. by taking 
an assay and a decoding image of the array and comparing the two, e.g., comparing of the 
assay and the decoding image comprises use of optical microscopy apparatus including an 

10 imaging detector and computerized image capture and analysis apparatus. The decoding 
image may be talcen to determine the chemically and/or physically distinguishable 
characteristic that uniquely identifies the binding agent displayed on the bead surface, e.g.. 
determining the identity of the binding agents on each particle in the array by the 
distinguishable characteristic. The assay image of the aixay is taken to detect the optical 

15 signature of the binding agent and the analyte complex, hi certain embodiments, 

fluorescent tags (fluorophore dyes) may be attached to the analytes such that when the 
analytes are bound to the beads, tlie flourescent intensities change, thus providing changes 
in the optical signatures of the beads. In certain embodiments, tthe decoding image is taken 
after the beads are assembled in an array and immobilized and before taking the assay 

20 image, preferably before contacting the binding agents on the beads with an analyte. In 
certain other examples, the binding interactions occur while the beads are in solution, and 
assembled mto an array afterwards and the decoding and assay images are obtained. 
The identity of the binding agent of the binding agent-analyte complex is carried out by 
comparing the decodmg image with the assay image. 



25 



In preferred embodiments, images analysis algorithms that ai-e useful in analyzmg 
the data obtained from the decoding and the assay images. These algoritlmi may be used to 
obtain quantitative data for each bead within an array. As summarized in Fig. 7. the analysis 
software automatically locates bead centers using a bright-field image of the array as a 
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on apparent serological cross-reactivity between the groups. These groups are termed 
Cross-Reactive-Groups (CREGs). In current clinical setting, antibodies from a patient are 
tested against different antigens in individual reactions. Although a reactive pattern of the 
antibodies can be generated combining the results from different reactions, the competitive 
5 nature of mteractions between different antibodies and antigens is not reflected in such a 
pattern. In other cases, several antigens are mixed together for a binding assay. Lack of 
identification of each antigen in the system prevents generation of a binding profile. The 
result is only the averaged signal from several antigens. In the bead array system, a panel of 
different antigens is presented to the antibody analytes in a competitive binding 
10 enviromnent, and each antigen can be identified through its association with different types 
of beads. Tlius, binding intensity on each antigen in the competitive reactions can be 
extracted in a single assay. This co-affinity matrix system will provide binding profiles for 
the CREGs and greatly advance the understanding of the nature of the reaction and 
improve the accuracy for the related clinical decisions. For example, a N-antibody and M- 
15 antigen system provides a matrix of N x M of possible reactions. It is possible to determine 
K-mn, the affinity constant governing the mteraction between the nth antibody against the 
mth antigen, where m =1. 2, . . M, and n =1, 2,. . . N. For appUcations where absolute co- 
affinity constants are not needed, binding profile will be generated for various antibodies in 
accordance with the methods of the present invention and results from a patient sample can 
20 be matched to these profiles or combination of these profiles. 

Co-affinity matrix may also be used to characterize the analyte. For example, 
combination of the coefficients of the co-affinity matrix and known concentrations of 
analyte and binding agents participating in the formation of analyte-binding agent 
25 complexes serves to define a competitive bindmg interaction descriptor , e.g.,The molecular 
interaction parameter. 
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present invention. In certain embodiments, the particles are assembled using LEAPS, as 
with non-magnetic encoded beads. The encoded also be used in array generation, and 
assayed. The present invention also includes the fomiation of a planar array of encoded 
and functionalized supeiparaniagnetic particles on a substrate by application of magnetic 
5 field to said particles. 

Several methods for the synthesis of monodisperse superparamagnetic microspheres 
are known in the art. G. Helgesen et al., Phys. Rev. Lett. 61, 1736 (1988), for example, 
disclosed a method wliich utilizes porous and liighly cross-linked polystyiene core particles 

10 whose interior surfaces are first nitrated, following which iron oxides are precipitated 
throughout the particle to produce a paramagnetic core. Following completion of tliis step, 
the particles are coated with jEimctional polymers to provide a reactive shell. US patent 
5,395,688 to Wang et al. describes a process for producing magnetically responsive 
fluorescent polymer particles composed of a fluorescent polymer core particle that is evenly 

15 coated with a layer of magnetically responsive metal oxide. The method utilizes prefonned 
fluorescent polymeric core particles which are mixed with an emulsion of styrene and 
magnetic metal oxide in water and polymerized. A two step reactive process such as this 
suffers from the drawback of possible inhibition of polymerization by tiie fluorescent dye or 
conversely bleaching of the fluorescence by the shell polymerization process. 

20 

The method also provides a novel process for making color encoded magnetic 
beads, a simple and flexible one-step process to introduce into prefonned polymeric 
microparticles a well controlled amount of magnetic nanoparticles, prepared in accordance 
with the procedure described below, along with well controlled quantities of one or more 
25 fluorescent dyes. In an embodiment of the present invention, the quantity of the magnetic 
nanoparticles. is controlled to produce magnetic particles that form an array on a substrate 
upon appUcation of magnetic field to said particles. This process involves swelling the 
polymer particles in an organic solvent containing dyes and magnetic nanoparticles and 
therefore applies to any polymer particle which can be subjected to standard swelling 
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p„fi,e. Which were generated and projected onto Ore substrate by a PC-progran^a e 
iU„.inat>onpa.te™ge„era.or(describedinU.S.Seria,No.09/397,793.medSep.embern. 

,999 whiohisincorporatedhereinbyreferenceinitsentirety). Tins drag-and-drop operatron 

redu«d the separation between the two sub-arrays from approximately 250 ^ to 20 Mm. 
5 Beadsweremovedat5V„a.a&e,uencyot2kHz;totalpowerprojectedon.othesubstrate 

svrf.cewas-5mW.Thecombinationofchemicdandspatialenoodingpennitsagivensetof 
chemical bead markers to be used mnltiple times and reduce the demands placed on etther 
encoding dimension while facilitating toe realization of large coding capacttes. 

10 Example 2: Array formation on patterned surface 

fflnstratedinFig.10 is an array of encodedbeads assembled onapattemed 

Ar. i«„.„f 1 ->V and a ftequency of 100-150 Hz, applied across 
silicon chip using an AC voltage of 1-»V„ ana a nreq y .^..nnnS^ 
alOO^m electrode gap filledwithana<,ueousbeadsnspension;a.hermaloxrdeeiOOO A) 

on the substrate was patterned by etching the oxide ,o a thicloress of 50-100 A m a set of 
,5 square feamres (-30 X 30 ,mVn 130 ,m centers; anuys of simile layout also can be 
produced inresponse to suitable illumination patterns. Each sub-array shownhere contatns 

approximately 80 beads coupled with anti-cytokine monoclonal antibodies. Carboxylate^ 
modif,edpo,ystyrenebeadsof5.5^mdiameter(Bangsl^ratory,Fishers.lN)weres^^^^^ 

withacombinationoftwotypesof flnorescentdyes andwe^thentoctionaltzedwrthanU- 
M eytoldne-mAb.TheassemblyprocessensurescoUec«onofal.beadsatth— 

BlencodingwaaasfoUows:IL-2(BrightRed);lL.4(DimRed);II.6(BnghtGre«r).M- 

CSF (Dim Green) and TNF-ct (Yellow). 
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Examples-. Formation of arrays of magnetic partldes 

Colloidalparticlesexhibitingafinitediamagneticsusceptibility.whendisposed 
onaplan^substratecanbeassembledintoorderedarraysinresponsetoincreasingmag^ettc 
flelds.Comme.ciallya™lablesupe.parama^ettcparticles(Dynal,Oslo,NO),dtspe.edftom 
afluidsuspe„sionontothep.anarsurfaceoftheloweroftwoparal.elboundings.facesofa 
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substrate. An application of random bead assemblies to determine affinity constants in a 
multiplexed format is described in Example 6. 

Example 5: An automated chip-scale array mauufacturing process 

As illustrated in Fig. 11, the process involves liquid handling and pipetting of beads 
onto chips mounted in single-chip cartridges or multi-chip cartridges. Bead anrays are fomied 
using methods such as those in Examples 1, 2 or 3., followed by array immobilization and 
decoding. The resulting decoding images are stored for later use along with an optional chip 
ID ("bar code"). 
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Example 6: Determination of affinity constants by post-assay analysis of bead 
assemblies. 

Quantitativebmding curves forthe cytokines TNF-a andIL-6. Binding curves 
were generated by performing sandwich immunoassays using chemically encoded beads in 
15 suspension.saidsuspensionsbeingconfmedtooneormorereactioncompartmentsdelineated 

on-chip, or in one or more reaction compartments off chip. By completing the reaction with 
beads maintained in suspension, assaykineticssimilar to homogeneous assays can be attained. 

Following completion of the binding reaction, beads were assembled on chip to permit 
multiplexed quantitative image analysis.Random assemblies prepared accordingto Example 

20 4 or ordered bead arrays prepared according to Example 1 or 2 may be used. An advantage 
ofordered, dense assembUesproducedbythemethodsofExampleslor2isthehigher spatial 

density and higher assay throughput attained by processing a greater number of beads. 

As an illusti^tion, Fig. 12 displays quantitative binding curves for TNF-a and 
25 IL-6, obtained from randomly dispersed beads. A commercial-grade 8-bit video-CCD camera 
(Cohu, San Diego, CA) was used in a mode permitting multi-frame integration. The range of 
concentrations of antigen used in the two assays was 700 fM to 50 pM for TNF-a and 2 pM 
to 50 pM for IL-6. At each concentration, the number of molecules bound per bead was 
estimatedbycomparison with caUbrationbeads coated with known quantitiesofCy5.5-labeled 
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Example 7: Genotyping by Polymorphism Analysis 

To illustrate the application of the present invention to the implementation of 
genotyping, Fig. 1 3 shows the design of the assay in which five pairs of 20-mer binding agents 
5 corresponding to four polymorphic regions of a gene were coupled to color-encoded beads. 
The pairs of binding agents al, a2 and pi, p2 each display a single nucleotide difference in 
their respective sequences; the pair 53, 84 displays a difference of three nucleotides, the 
binding agents in the set y 1, y3, y3, y4 display small insertions and deletions. The ten binding 
agents were are divided into two subgroups of five which were incorporated into two 

10 subarrays. Li this example, there are several hundred beads for each type. Following bead 
immobilization, an on-chip hybridization reaction was perfomied in TMAC buffer (2.25 M 
tetramethylammonium chloride, 37 mM Tris pH S.0, 3 mM EDTA pH 8.0, and 0.15% SDS) 
at 55^C for 30 min. The analyte is a 254-base PGR fragment produced from a patient sample 
and fluorescently labeled at the 5 -prime end with BODBPY 630/650 (Moleculai* Probes, 

15 Eugene, OR). Image acquisition was performed after replacing the assay buffer with fresh 
TMAC buffer. 

Fig. 14 shows decoding and assay images for one subarray. Each bead shown 
in the assay image obtained after hybridization is analyzed to determine fluorescence intensity 
and bead type; as with the C}4okine assay, the latter operation compares assay and decoding 

20 images using a template matching algorithm. Fig. 15 displays theresultmg intensity histograms 
for each bead type: in these histogram plots, the horizontal axis refers to relative signal 
intensity from 0 to 1 and the vertical axises refer to bead numbers. The histograms show that 
most of the beads displaying probe al bind no analyte while most of the beads displaying 
probe a2 exhibit significant binding; the mean signal level of a2-beads exceeds that of a2- 

25 beads by a factor of --3 .2, indicating that analyte contains DNA sequences complementary to 
a2butnotal. For the 
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buffer. After one hour of incubation at 37°C, fresh buffer was added on top of the chip and 
image acquisition was performed. Antibodies and antigens used in the assays were obtained 
from R&D Systems (MinneapoUs, MN); the secondary antibody was labeled with Cy5.5 using 

a standard kit (Amersham Pharmacia Biotech, Piscataway, NJ). 
5 ThedecodingimageFig.l7Bshowsfivetypesofbeadsinafalse-colordisplay 

with the same encoding pattern as that of Fig. 10. All beads are of the same size (5.5 \lm 
diameter);theapparent difference in thesizeofbeadsofdifferenttypesinthedecodingimage 

is an artifact reflecting different internal bead staining levels and "blooming" during CCD 
recording of the decoding image. Comparison (using the image analysis methods disclosed 
10 herein) of the decoding image with the assay image in Fig. 14A reveals that active beads, of 
yellowandbrightgreentypes,caphiredTOF-aandIL-6.respectively.Thisassayprotocolhas 

been extended to the following set of twelve cytokines: IL-la, IL-lp, IL-2, IL-4, IL-6, TGF- 
P 1 , IL-1 2, EOF, GM-CSF, M-CSF, MCP-1 and TNF-a. The on-chip immunoassay requires 
noadditionalwashingothertlianchangingreagentsolutionsbetweenassaysteps.Comparison 

15 between assay and decoding images shows that two different cytokines were present in the 
sample,namely IL-6 andTNF-a.Thepre-formedarraysdescribedin this examplealso permit 

the determination of affinity constants in a mamier analogous to the analysis described in 

Example 6. 

20 Example 11: Aptamers for Protein Profiling 

Aptamers may be selected from large combinatorial libraries for their high 
binding affinities to serum proteins (L. Gold. B. PoUsky, O. Ulilenbeck, M. Yams, Annu. Rev. 
Biochem. 64: 763-797. (1995)). Random encoded arrays of aptamer-fimctionalized beads 
would serve to monitor levels of serum proteins; correlations in binding patterns on the array 

25 (see also Example 10) may serve as a phenotype of disease states. 

Example 12: Mixed DNA -Protein Arrays 

Of significantinterest to genomicfimctional analysis is the factthatthemethod 

of the present invention accommodates protein and DNA arrays without change in array 
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(2) 



The first terai on the right of Eq. ( 1) describes tlie association of ligands and 
receptors into complexes and involves of concentration of free sites on the surface. The second 
term describes the disassociation of complexes by way of release of ligands, thereby freeing 
up receptor sites for flirther reaction. Since a maximum of (ixj) bimolecular complexes can 

5 form, there could be as many boundary conditions generated from the above equation. For the 
equilibrium case, the left hand-side of Eq. (1) is set to zero, and the matrix of coaffmities, [^y] 
= k^^ can then be defined to accommodate cross-reactivities between multiple species 
in the bulk and on the sui face. In a batch reactor under equilibrium conditions, we may solve 
the system of differential equations to obtain the number of molecules of each ligand bound 

10 on beads of each type. 





Ligand concentration 


10 pM 




Ligand concentration 


100 pM 




Initial receptor concentration 


1x10" ^ead 




Initial receptor concentration 


1x10" /bead 


«B1 


Bead number density 


1x10" /ml 


«B2 


Bead number density 


1x10" /ml 




Coaffinity matrix 


[1x10" 1x10' 
1x10* 1x10" ] l/mole 



20 

As an illustrative example, the ligand distribution has been calculated (from the 
modelin Eq (1)) for a reference set of two ligands and two types of receptors immobilized on 
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Example 14. Multiplexed Analysis of Reaction Kinetics 

As illustrated in the foregoing examples, extensive waslaing generally is not 
required to discriminate beads from a background of solution fluorescence. Consequently, 
assay image sequences may be recorded in a homogeneous assay format to document the 
5 evolution of a binding reaction and to determine kinetic data for each of the binding reactions 
occurring. 

Homogeneous binding assays maybe performed in simple "sandwich" fluidic 
cartridges permitting optical microscopic imaging of the bead array and peraiitting the 
introduction of an analyte solution into a chamber containing a random encoded aixay of 

10 beads. More generally, the array also may be exposed to an analyte or other reaction mixtures 
under conditions of controlled injection of fluid aliquots or continuous flow of reactants or 
buffer. Using theoretical modeling, opthnal combinations of relevant performance control 
parameters of this bead array reactor may be identified to minimize the time to equilibration 
or to maximize the portion of analyte captured by the array [K. Podual and M. Seul, TM KP- 

15 99/02]. Flow rate can be controlled by any of anumber of available pumping mechanisms [M. 
Freemantle, C&EN, 11: 27-36]. 



Table - List of parameters used in simulations (Fig. 18) 



Parameter, units 


Value 


Initial Receptor Coverage Cr^q* moles/m" 


8x10' 


Vol Flow Rate, 0, /uMs 


1.0 


Diffiisivity, D, cmVs 


1x10'' 


ON-Rate. K„,/(M.s) 


1x10^ 


Affinity Constant. AT^, /M 


IxlO" 


"Sandwich " Reactor Gap Size H, mm 


0.1 


Reactor Length, L, mm 


10 


Reactor Width, W, mm 


10 



t 
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Methods and apparatus using biochemically flmctionalized super-paramagnetic 
particles for sample preparation in molecular and cellular biology and for a variety of enzyme- 
catalyzed on-bead reactions have been described ["Biomagnetic Techniques in Molecular 
Biology", Technical Handbook. 3"* Edition, 1998, Dynal, Oslo, NO]. These bead-based 

5 methods can be combined with the Random Encoded Array Detection format of the present 
invention to implement multi-step on-chip assay manipulations. 

For example. Fig. 20 illustrates the integration of a sequence of steps in a 
miniaturized format for multiplexed genotyping using a single chip with multiple 
compartments. First, cells are captured from a patient sample by affinity selection using 

10 flmctionalized magnetic beads, cells aie lysed electrically or chemically in a furst compartment, 
and genomic DNA is captured to the surface of a multiplicity of magnetic beads by non- 
specific binding; next, beads are collected by magnetic force into a second compartment which 

is in fluidic contact with tlie first compartment, within which the beads and DNA are washed 
with desired buffers; next, beads are further transfenred to a location where PGR is performed 

15 using bead-coupled DNA as a template; multiple PGR strategies known in the art are available 
for this step [F. Fellmami, et.al., Biotechniques, 21 :766-770] ; next, PCRproducts released mto 
are captured by hybridization to a pre-assembled random encoded array displaying binding 
agents that are specific to different polymorphisms targeted by the PGR amplification. 

The use of encoded magnetic particles in conjunction with the optical 

20 programmability of LEAPS confers the ability to form reversibly immobilized arrays and to 
conduct programmable multi-step assay sequences under conditions in which beads are used 
in suspension when this is most favorable, for example to enhance reaction kinetics, and arrays 
are formed in real-time when this is most favorable, for example to provide a highly parallel 
format for imaging detection and assay read-out. 

25 For example, as illustrated in Fig. 2 1 , the following sequence of steps could be 

integrated in a miniaturized format for the formation of a cDNA bead array. First, a pool of 
encoded magnetic beads, each bead type displaying a gene-specific probe, is introduced to an 
mRNApool, andmRNAmolecules are hybridized to their conrespondingbeads; next, on-bead 
reverse transcription (RT) is performed using bead-attached mRNA as template [E. Horenes, 
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a CHCI3 (Aldrich Chemical Co., Milwaukee, WI) or CH2CI2/CH3OH mixture (70/30 (v/v)) 
(Aldrich Chemical Co., Milwaukee, WI). A predetermined amount of polymer beads was 
washed thoroughly in methanol (3x) and then evaporated dry. Simultaneous incorporation of 
the fluorescent dye and the iron oxide nanoparticle was achieved by swelling the beads in 
5 organic solvent/nanoparticle/dye mixture. The swelling process was completed within ~ Ihr. 
Following this the polymer beads were separated by centrifugation and washed with 
methanol(3x) followed by isooctane(2x) and then methanol(2x) and finally redispersed in 0.2% 
SDS -DI water solution. 



t 
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2. A method of determining elements of a co-affinity matrix which describes pair-wise 
analyte-binding interactions in a competitive multiconstituent equilibrium reaction 
comprising: 

providing a plurality of particles comprising at least two different particle populations, 
5 each population being distinguishable by a binding agent attached thereto, wherein the particles 
are associated with a chemically or physically distinguishable characteristic that uniquely 
identifies the binding agents on said particles, 

contacting the binding agents with an analyte molecule so as to allow the analyte to form 
an analyte-binding agent complex with one or more binding agents, the formation of each 
10 complex resulting in a change in an optical signature associated witli the particles whose binding 
agent is involved in the formation of the complex; 

fomiing a planar array of the particles on a substrate; 
detecting the change in the optical signature associated with said particles for 
each type of the analyte-binding agent complexes formed; and 
15 determining the identity of the binding agents on each particle in the an ay by the 

chemically or physically distinguishable characteristic associated therewith, the determining step 
occurring either before or after the detecting step, and 

wherein said change in optical signature for each type of the analyte-binding agent 
complexes determines affinities characterizing said analyte-binding agent interaction and said 
20 affinities providing elements of a co-affinity matrix which describes pairwise analyte-bmdmg 
agent interactions in a competitive multiconstituent equilibrium reaction. 

3. The method of claim 1 or 2, wherein, the co-affinity matrix obtained is used to 
characterize the analyte. 

25 

4. The method of claim 3, wherein a combination of the coefficients of the co-affinity 
matrix and known concentrations of analyte and binding agents participating in the 
formation of analyte-binding agent complexes serves to define a competitive bmding 
interaction descriptor . 
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binding agents, the fonnation of each complex resulting in a change in an optical signature 
associated with the particles whose binding agent is involved in the formation of the complex; 

detecting the change in the optical signature associated with said particles for 
each type of the analyte-binding agent complexes formed at preset intervals following said 

5 preset initial time; and 

determining, for each type of analyte-binding agent complex, the association rate 
constants from the time dependence of said changes in optical signature associated with said 
particles. 

10 8. A method of analyzing the kinetics of molecular binding interactions governing the dis- 
association of analyte-binding agent complexes formed between one or more analytes 
and one or more binding agents, comprising: 

providing a plurality of particles comprising at least two different particle populations, 
eachpopulationbeingdistinguishablebyabindingagent attached thereto, wherein theparticles 

15 are associated with a chemically or physically distinguishable characteristic that uniquely 

identifies the binding agents on said particles, and wherein the particles are arranged in a planar 

array on a substrate; 

determinmg the identity of said binding agents on each particle in the array by the 
chemically or physically distmguishable characteristic associated therewith; 
20 contacting the binding agents in the array with an analyte molecule so as to allow the 

analyte to form an analyte-binding agent complex with one or more binding agents, the 
formation of each complex resulting in a change in an optical signature associated with the 
particles whose binding agent is involved in the fonnation of the complex; 

detecting the change in the optical signature associated with said particles for 
25 each type of the analyte-bindmg agent complexes formed; 

exchanging, at a preset exchange time, the analyte solution with a second solution 
containing no analyte to allow the bound analytes to unbind from the analyte-binding agent 
complexes, said unbinding resulting in a change m the optical signature associated with the 
particles having analyte-binding agent complexes, and 
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providing a plurality of particles comprising at least two different particle populations, 
each population being distinguishable by a binding agent attached thereto, wherein the particles 
are associated with a chemically or physically distinguishable characteristic that uniquely 
identifies the binding agents on said particles, and wherein the particles are arranged in a planar 
5 array on a substrate; 

generating a de-coding image of tlie array showing the location of each binding agent 
in the array; 

contacting the binding agents with a sample that may contain an analyte so as to allow 
the analyte, if present in the sample, to fonn an analyte-binding agent complex with one or more 
10 binding agents, the fomiation of each complex resulting in a corresponding or a proportional 
change in the optical signature associated with the particles whose binding agent is involved in 
the fomiation of the complex; 

generating an assay image of the array which detects the change in the optical signature 
associated with said particles, and deriving from the change in the optical signature the number 
15 of analyte-binding agent complexes fonned; and 

determining the identity of the analyte in the analyte-binding agent complex by 
comparing the decoding image with the assay image. 

16. A method of performing a bioassay comprising: 
20 providing a plurality of particles comprising at least two different particle populations, 

each population being distinguishable by a binding agent attached thereto, wherein the particles 

are associated with a chemically or physically distinguishable characteristic that uniquely 

identifies the binding agents on said particles, 

contacting the binding agents with a sample that may contain an analyte so as to allow 
25 the analyte, if present in the sample, to form an analyte-binding agent complex with one or 

more binding agents, the formation of each complex resulting in a corresponding or 

proportional change in the optical signature associated with the particles whose binding agent 

is involved in the formation of the complex; 

formmg a planar array of the particles on a substrate; 
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22. The method of claim 21, wherein the array of magnetic particles is assembled by 
application of a magnetic field to said particles. 

23. The method of claim 1 5 or 1 6, fuilher comprising calculating the affinity constant of a 
5 binding interaction between an analyte and its binding agent firom the number of the 

analyte-binding agent complexes formed. 

24. A method of integrating sample preparation and bioassay using magnetic particles 
comprising: 

10 providing a pkirality of magnetic particles comprising at least two different particle 

populations, each population being distinguishable by a recognition molecule attached thereto, 
wherein the particles are attached to a chemical characteristic that uniquely identifies a 
biomolecule of interest that selectively binds to the recognition molecule; 

. providing a biological fluid containing biomolecules and alio wmg said biomolecules to 
15 interact with the recognition molecules on the magnetic particles; 

removing the fluid along with unboimd components thereof; 
transforming the biomolecules bound to the magnetic particles to produce transformed 
biomolecules, wherein the transformed biomolecules remain attached to the magnetic particles 
on which they are synthesized; 
20 performing a bioassay according to the method of claim 1 5 or 16, wherein the binding 

agents comprise the transformed biomolecules. 

25. Themethod of claim 24, wherem the biomolecules of interest comprises mRNA and the 
transforming comprises reverse transcribing said nxRNA to produce cDNA, which is 

25 attached to the magnetic particles. 

26. The method of claim 24, wherein the sample preparation and bioassay occur in the same 
compartment. 
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cDNA is released from said magnetic particles after the reverse transcription and 
transported to the assay compartment and used as an analyte in the bioassay, 

31. A method of preparing monodisperse magnetic fluorescent particles comprising 
providing polymeric microparticles and swelling saidmicroparticles in an organic solvent 

containing one or more and magnetic nanoparticles to produce magnetic particles, wherein the 
fluorescent dyes and the magnetic nanoparticles are distributed tliroughout the magnetic 
paiticles without being localized at specific locations with the particle. 

32. An array comprising a plurality of magnetic particles comprising at least two different 
particle populations distinguishable by a chemical characteristic associated therewtih, 
wherein the magnetic particles are assembled on a planar array in a compositionally 
random maimer. 

33. The method of claim 5, wherein the analyte specifically binds to one binding 
agent but not to other binding agent(s) present. 

34. The method of claim 33, wherein, using the law of mass action, affinity constant 
K is determined from said change in optical signature following conversion to yield 
[LR], given [LJ, [RJ, and ng, where [LJ is the initial analyte concentration, [R„] is the 
number of binding agents per bead and ng is the number of beads. 

35. The method of claim 33, wherein, using the law of mass action, affinity constant 
K is determined from said change in optical signature following conversion to yield 
[LR], for at least two measurements involving different bead numbers, and given 
initial analyte concentration [LJ. 

36. The method of claim 33, wherein, using the law of mass action, affinity constant 
K is determined from said change in optical signature following conversion to yield 
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